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Introduction
Neuronal regeneration is a transcription/translation-
dependent process wherein the neuronal cell body
changes patterns of macromolecular synthesis in re-
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sponse to an injury event in the axon (Caroni, 1998;1Molecular Neurobiology Group
Goldberg, 2003; Snider et al., 2002). Since nerves mayDepartment of Biological Chemistry
extend over tens of centimeters, signaling mechanismsWeizmann Institute of Science
must transmit information about the injury from the axon76100 Rehovot
to the cell soma. A rapid burst of injury-induced actionIsrael
potentials provides the first indication of an axonal le-2 Neuroscience Research Laboratory
sion. Hours to days after this first wave, a second seriesNemours Biomedical Research
of signals conveyed by retrograde transport of macro-AI duPont Hospital for Children
molecules has been postulated to arrive in the cell bodyWilmington, Delaware 19899
of the injured neuron. This phase includes on the one3 Institute of Child Health
hand an interruption of the normal supply of retrogradelyUniversity College London
transported trophic factors from the target, and on the30 Guilford Street
other hand de novo “activated” or modified proteinsLondon WC1N 1 EH
emanating from the injury site (Perlson et al., 2003).United Kingdom
Evidence for the latter has been forthcoming from stud-4 HELIOS/Franz Volhard Clinic
ies by Ambron and colleagues in cultured neurons fromMax Delbrueck Center
the mollusc Aplysia (Ambron and Walters, 1996). TheyCharite Medical Faculty
have shown that microinjection of lesion-induced axo-13122 Berlin
plasmic proteins elicits growth and survival responsesGermany
in neuronal cell bodies (Zhang and Ambron, 2000) and5 Department of Molecular and Cellular
that an SV40 nuclear localization signal (NLS) can target
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retrograde transport and nuclear uptake of heterologous
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proteins after microinjection into axons (Schmied and
Vrije Universiteit Amsterdam
Ambron, 1997). Retrograde axonal transport of an NLS-
1081 HV Amsterdam bearing protein has also been reported in mammals
The Netherlands (Wellmann et al., 2001); however, the mechanism by
which such proteins might access the retrograde trans-
port system has not been elucidated.
Nuclear import of proteins is mediated by NLS binding
Summary to the importins/karyopherins, soluble transport factors
that mediate the translocation of substrates through the
Axoplasmic proteins containing nuclear localization nuclear pore complex (Chook and Blobel, 2001; Gorlich
signals (NLS) signal retrogradely by an unknown and Kutay, 1999). The classical SV40-type NLS binds
mechanism in injured nerve. Here we demonstrate that with low affinity to importin  and with high affinity to
the importin/karyopherin and  families underlie this importin / heterodimers (Jans et al., 2000; Kohler et
process. We show that importins are found in axons al., 1999). The nuclear import function of importins has
at significant distances from the cell body and that led to the implicit assumption that they should be found
importin  protein is increased after nerve lesion by in a perinuclear distribution in cells, although they may
local translation of axonal mRNA. This leads to forma- also modulate interactions with cytoplasmic microtu-
tion of a high-affinity NLS binding complex that traffics bules to funnel nuclear-targeted proteins to the nuclear
retrogradely with the motor protein dynein. Trituration pore (Lam et al., 2002; Mavlyutov et al., 2002; Smith and
of synthetic NLS peptide at the injury site of axotom- Raikhel, 1998). We postulated that if importins could
ized dorsal root ganglion (DRG) neurons delays their be found in neuronal axoplasm they might provide a
regenerative outgrowth, and NLS introduction to sci- mechanism for retrograde transport of NLS-bearing pro-
atic nerve concomitantly with a crush injury sup- teins. Here we show that importins are found throughout
presses the conditioning lesion induced transition neuronal axons, at significant distances from the cell
from arborizing to elongating growth in L4/L5 DRG body, and that importin protein is increased after nerve
neurons. These data suggest a model whereby lesion- lesion by local translation of axonal mRNA. This leads
induced upregulation of axonal importin  may enable to the formation of a high-affinity NLS binding complex
retrograde transport of signals that modulate the re- that traffics retrogradely via an association with the mo-
generation of injured neurons. tor protein dynein. Introduction of synthetic NLS peptide
both in vitro and in vivo inhibits regeneration of adult
DRG neurons. Based on these data, we propose a model
whereby lesion-induced upregulation of axonal importin*Correspondence: mike.fainzilber@weizmann.ac.il
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may enable retrograde transport of signals that modu- 3% of the axon length contains detectable clusters of
importin  transcripts, spaced at irregular intervals. Thislate the regeneration of injured neurons.
intermittent distribution is similar to that previously de-
scribed for ribosomes in myelinated axons (Koenig etResults and Discussion
al., 2000). We then looked for importin  in a DRG axon-
only preparation. In this system, DRG neurons are platedWe used antibodies against human  importins and im-
on a membrane filter with an 8 m pore size that allowsportin 1 (hereafter referred to as importin ) to conduct
axonal infiltration but restricts access of neuronal orWestern blot screening in rat sciatic nerve. Nerves were
glial cell bodies. After cultures are established, the filterdissected and incubated for designated periods, and
surface can be scraped away, leaving a layer that con-axoplasm was then obtained by gentle squeezing of the
tains only isolated lesioned axons (Zheng et al., 2001).nerve segments in physiological buffer. A number of
We first prepared axonal mRNA and verified its purityimportin  family members were found in both control
by RT-PCR for - and -actins, which are differentiallyand injured sciatic nerve axoplasm, whereas detectable
distributed between axons and cell bodies (Bassell etamounts of importin  protein were observed only in
al., 1998; Zheng et al., 2001). We then conducted RT-axoplasm from lesioned nerves (Figure 1A). In order to
PCR for importin  in the axons and observed a clearverify that the observed importins originated from axons,
signal indicating the presence of importin  transcriptsimmunostaining of sciatic nerve cross-sections was per-
in the axonal mRNA (Figure 2E). Finally, immunoprecipi-formed. As shown in Figures 1B and 1C, both importin
tation from extracts of metabolically labeled isolated4 and importin  are expressed in heavy chain neurofil-
axons revealed robust de novo synthesis of importin ament (NFH)-positive axons in the sections. Similar re-
in the isolated axons (Figure 2F).sults were obtained with importin 1 and importin 7
The experiments outlined above suggest that an in-(data not shown), and to simplify subsequent analyses,
crease in levels of importin  might allow formation ofwe focused on importin 4 (hereafter referred to as im-
a functional NLS binding complex in the axoplasm ofportin ). The distribution of the importins was further
lesioned neurons. We examined this possibility by con-evaluated in cultures of adult dorsal root ganglia (DRG)
ducting Western blots for importins on streptavidin pull-neurons. The growing axons of these neurons were im-
downs of sciatic nerve axoplasm incubated with bio-munopositive for both importins  and  (Figure 1D).
tinylated NLS peptide. Both importin  and importin Kamei et al. (1999) reported importin  immunoreactivity
coprecipitated from sciatic axoplasm together with bio-in adult central neurons, apparently also in dendrites.
tin-NLS, in increasing amounts following lesion (FigureSince the processes of cultured adult DRG neurons are
3A). There was no importin coprecipitation with a controlalmost exclusively tau positive and MAP2 negative
biotin-reverse-NLS peptide (data not shown). We then(Zheng et al., 2001), we further examined importin distri-
proceeded to examine if the NLS binding complex wasbution in embryonic hippocampal neurons, which have
connected to retrograde transport by looking for thewell-differentiated axons and dendrites. Immunostain-
retrograde motor dynein in axoplasm precipitates. Asing of hippocampal neurons after 7 days in culture re-
shown in Figure 3A, the dynein intermediate chain co-
vealed extensive localization of importins throughout
precipitated with NLS from lesioned nerve axoplasm.
both axons and dendrites (Supplemental Figure S1 at
We then conducted axoplasm immunoprecipitations
http://www.neuron.org/cgi/content/full/40/6/1095/DC1).
with an antibody to a conserved epitope of the dynein
In order to assess the source and kinetics of appear- complex (Dillman and Pfister, 1994) and observed co-
ance of importin  in lesioned nerve, we incubated seg- precipitation of importin with dynein from both control
ments of sciatic nerve in vitro for different times after and injured nerves (Figure 3B). Importin  was detect-
lesion, and then conducted Western blot analyses of able only in coprecipitates from injured nerve (Figure
axoplasm preparations. As shown in Figure 2A, there is 3B). Finally, we observed a time-dependent increase in
a steady increase in the levels of importin  over time. NLS peptide bound to the retrograde complex after le-
Although initial observations had suggested that im- sion (Figure 3C).
portin 4 might also be upregulated (Figure 1A), levels Based on the data presented above, we propose the
of importin 4 protein did not increase in a statistically following mechanism for formation of an importin-tar-
significant manner throughout the course of this experi- geted retrograde complex in lesioned axons (Figure 3D).
ment (Figure 2B). Since the in vitro incubated nerve Importin  protein is constitutively associated with the
segments did not contain any neuronal cell bodies, we retrograde motor dynein in axons, whereas importin 
surmised that the increasing levels of importin  might is present only as mRNA. Upon lesion, local synthesis
arise from de novo protein synthesis in the axons (Giu- of importin  protein leads to formation of a high-affinity
ditta et al., 2002; Steward, 2002). Incubation of sciatic importin / heterodimer bound to dynein. Concomitant
nerve segments with radiolabeled amino acids revealed modification of NLS-bearing signaling proteins in axo-
transcriptionally independent translation of importin  plasm, for example by phosphorylation (Sung et al., 2001),
in the nerve (Figure 2C); however, this experiment did may create a signaling cargo that binds to the / high-
not distinguish between synthesis in axons versus syn- affinity NLS binding site, thus accessing the retrograde
thesis in Schwann cells. In order to examine if importin transport pathway. As an initial test of the model, we
-encoding mRNA is present in axons, we carried out examined retrograde transport of such complexes by
in situ hybridization on sciatic nerve. Clusters of importin introduction of biotinylated NLS or reverse-NLS pep-
-positive signal were detected within axons on serial tides to lesioned sciatic nerve in vivo. The vast majority
cross-sections of the nerve (Figure 2D). Quantitation of of reverse-NLS diffused away from the nerve, and signifi-
cant retrograde transport could not be detected for thissignal distribution in the sections indicated that 5% 
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Figure 1. Importins in Neuronal Axoplasm
(A) Western blot analysis of axoplasm from control (C, fresh-dissected) and injured (I, 6 hr postlesion) sciatic nerve reveals the presence of
importin 1, 4, and 7 isoforms but not of importin 3 or 5. Importin  is found in axoplasm from lesioned axons but not in control axoplasm.
Axoplasm purity was verified by absence of the nuclear marker RCC1 and the Schwann marker S100. PC denotes positive controls, Schwann
lysate for S100, HEK-293 nuclear extract for RCC1, and HELA lysate for importins.
(B) Immunostaining of cross-sections from sciatic nerve shows axonal expression of importin 4 by colocalization with NFH (an axonal marker).
Axonal importin 4 also demarcated by circumferential staining with myelin-associated glycoprotein (MAG, a myelin sheath marker).
(C) Importin  is found within axons as contained concentrations of immunoreactivity colocalizing with NFH in both traverse (upper panels)
and longitudinal (lower panels) sections from lesioned nerve.
(D) Immunostaining of adult dorsal root ganglia (DRG) neurons grown in culture for 3 days reveals expression of both importins throughout
the cell body and neurites. Quantification indicates that approximately 15% of importin  immunoreactivity and up to 33% of importin 4
immunoreactivity are in the neurites of these cultured cells. Images taken at magnification 60.
peptide. In contrast, a detectable fraction of the NLS NLS peptides into adult mouse DRG neurons mechani-
cally axotomized by trituration. The prediction from ourwas retained in the nerve and was transported in the
retrograde direction in NFH-positive axons (Figure 3E). model is that NLS peptides taken up at the injury site
should compete with the binding of any putative endog-After establishing the formation of an NLS binding
retrogradely transported complex in lesioned axons, we enous signaling proteins to the specific subset of im-
portin complexes forming at that site. After trituration,assessed the functional significance of this complex for
neuronal regeneration by introducing NLS or reverse- noninternalized peptides were removed by pelleting the
Neuron
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Figure 2. Regulation of Axoplasmic Importins after Nerve Lesion
(A) Segments of sciatic nerve were incubated in vitro for different time periods after lesion. Equal amounts of the axoplasmic preparation (40
g) were analyzed by Western blot and quantified in reference to the level of importin  at 8 hr, revealing a significant increase in importin 
levels over time.
(B) A similar analysis for importin 4 shows stable protein levels over most of the time course of this experiment.
(C) Sciatic nerve segments were incubated for 0, 2, or 4 hr in Met/Cys-deficient DMEM medium containing 1 mCi/ml of [35S]Met/Cys, with or
without 10 g/ml of cycloheximide (CHX) or 5 g/ml of actinomycin-D (ActD). Equal samples of axoplasm protein were then subjected to
immunoprecipitation with an anti-importin  antibody. Radioactive importin  protein was absent when CHX was added to the incubation
medium, while addition of ActD merely reduced the level of the total protein. Thus, there is de novo translation of importin  from preexisting
mRNA in the nerve. All the experiments of (A)–(C) were repeated at least three times with similar results.
(D) Importin  mRNA revealed by in situ hybridization in an axon in sciatic nerve. Four serial 7 m sections are shown, with the positive axon
indicated by the arrow. 1 and 2 indicate identified axons used as markers. Note that the hybridization signal is localized in two consecutive
sections, suggesting localized longitudinal concentrations of the transcript within axons. In situ hybridization with a control sense probe did
not show any specific signal (data not shown).
(E) RT-PCR reveals the presence of importin  transcripts in isolated DRG axons as well as in cell bodies. - and -actin transcripts are
differentially represented in axons and were used as positive and negative controls, respectively. A nonseeded filter control for the PCR is
shown in the rightmost lane.
(F) Immunoprecipitation from metabolically labeled isolated axons reveals de novo local axonal synthesis of importin  in injured DRG.
neurons through a Percoll cushion. Uptake was verified injury site, without causing a general perturbation of
nuclear import in the cells. After 2 days of culture, aby trituration of biotinylated peptides; these could be
visualized with fluorescent streptavidin up to 16 hr post- clear inhibition in neurite outgrowth was observed in
NLS-treated cells, whereas cells that received the re-plating (Figure 4A). Given this limited half-life of the NLS
peptide, we expect its effect should be limited to pertur- verse-NLS peptide were indistinguishable from non-
treated neurons (Figure 4B). The inhibition was observedbation only of signaling cargoes emanating from the
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Figure 3. Formation of an NLS Binding Entity that Interacts with the Retrograde Motor Dynein after Nerve Lesion
(A) NLS pull-down assay. Biotinylated NLS peptide (100 g) was incubated with 0.5 mg of sciatic nerve axoplasm overnight at 4C, followed
by pull-down on streptavidin dynabeads. Proteins were eluted with 0.1% trifluoroacetic acid and subjected to Western blot analysis, revealing
a 3.4-fold increase in importin  precipitated when comparing 6 hr to control (n  3, p 	 0.05) and order of magnitude increases in precipitated
dynein and importin  (n  3, p 	 0.01). Equal loading verified with dynein medium chain (lower panel). Equivalent controls for all the pull-
downs were carried out with biotinylated reverse-NLS peptide.
(B) Coprecipitation of importin  and importin  with dynein show a 1.4-fold increase in importin  precipitated when comparing injury to
control (n  3, p 	 0.05) and an order of magnitude increase in precipitated importin  (n  3, p 	 0.01).
(C) Quantification of NLS binding capacity of axoplasmic complexes bound to dynein (n  3). 30 g biotin-NLS was microinjected per sciatic
nerve concomitantly with a nerve crush injury. Axoplasm prepared from nerves dissected at the indicated time points was subjected to dynein
immunoprecipitation, and the amount of biotin-NLS bound was measured in a streptavidin-HRP ELISA. Background (25  3 fmoles/mg) was
measured by using reverse peptide instead of NLS and was subtracted from all values before plotting.
(D) Schematic model for the formation of an importin-targeted retrograde injury-signaling complex. Importinprotein is constitutively complexed
with the retrograde motor dynein in axons, whereas importin  is present only as mRNA in the uninjured axon. Upon lesion, local translation
of importin  allows formation of a high-affinity importin heterodimer associated to dynein. Concomitant modification of NLS-bearing signaling
proteins in axoplasm creates a signaling cargo that binds to the high-affinity site on the importin heterodimer, thus accessing the retrograde
transport pathway.
(E) Retrograde trafficking of NLS peptide in injured rat sciatic nerve in vivo. 0.4 g of biotinylated NLS or reverse-NLS were microinjected to
nerves (white arrow) concomitantly with a crush lesion. 6 hr later the nerves were removed and sectioned. Longitudinal reconstructions of
representative NLS or reverse-NLS nerves are shown. NFH immunoreactivity shown in red; biotin-NLS shown in green. In this experiment,
NLS was transported for 6.55  0.23 mm (average  SD, n  4). Most of the reverse-NLS signal was lost from the nerve, and the residual
signal did not move far from the injection site (0.61  0.47 mm, n  3).
both in larger NFH-positive and in smaller peripherin- hr, NLS-treated neurons exhibited outgrowth that was
comparable to that of the control cells. Quantificationpositive neuronal populations. The NLS inhibition effect
was attenuated at later times in culture, and after 72 of the NLS effect on neurons 48 hr in culture revealed
Neuron
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a significant reduction in the percentage of regenerating digm, the sciatic nerve is crushed at least 3 days prior
to excision of the DRG neurons to culture (Figure 5A);cells (Figure 4C) and a highly significant reduction in
neurite length in the regenerating cells (Figure 4D). Spec- thus, an in vivo retrograde signal generated by the first
(conditioning) crush causes a long-term mode shift inificity of the NLS effect was examined by trituration of
peptides after the cells had already been 18 hr in culture neuronal growth response (Figure 5B). We tested the
effects of application of NLS or reverse-NLS peptides(Figures 4E and 4F). In the latter experiment, cells were
axotomized and plated without trituration of peptide, to the sciatic nerve concomitantly with a conditioning
nerve crush injury. As shown in Figures 5B and 5C, theand 18 hr later were removed from the plate and reaxo-
tomized by trituration together with peptide. In contrast NLS peptide effectively blocked most of the condition-
ing effect of the sciatic nerve crush, whereas neuronsto its robust regeneration-inhibiting effect on cells
freshly axotomized from ganglia, the NLS peptide did from reverse-NLS-treated animals exhibited the charac-
teristic outgrowth induced by a conditioning lesion. Trit-not affect the outgrowth of reaxotomized and replated
neurons, suggesting that its effect is not due to a general uration of NLS into the cell bodies of already condition-
ally lesioned neurons did not affect their outgrowth (datablock of nuclear import.
We further examined NLS peptide effects on nuclear not shown). Although identification of the endogenous
signaling cargo proteins will be needed for definitiveimport by cotrituration of the peptides with NLS-conju-
gated BSA at a 10:1 ratio. Nuclear uptake of the NLS- proof that the NLS peptide effects are due to displace-
ment of factors retrogradely transported by importins,BSA was similar in control versus NLS-treated cells (see
Supplemental Figure S2 at http://www.neuron.org/cgi/ we suggest that this is the most parsimonious explana-
tion for the results. Taken together, these data supportcontent/full/40/6/1095/DC1), again indicating that NLS
peptide applied in this way does not block nuclear im- a model whereby a retrogradely transported importin-
mediated signal participates in the transcriptional repro-port. This result might appear counterintuitive, since if
the NLS peptide competes with endogenous signaling gramming of the regeneration response in axotomized
adult DRG neurons.proteins at the injury site, why doesn’t it also compete
with the co-applied NLS-BSA? One possible explanation The retrograde injury signaling mechanism proposed
in this study requires local synthesis of axonal importinis the relative stability of NLS-BSA in comparison to the
NLS peptide in the cells. Comparison of the distribution  at the lesion site and modification of signaling cargo
proteins that may associate with the newly formed com-of the NLS peptide to NLS-BSA 3 hr after trituration
(Figure 4A versus Supplemental Figure S2) shows that plex (Ambron and Walters, 1996; Schmied and Ambron,
1997; Schmied et al., 1993). A variety of kinases havedetectable NLS peptide is restricted to the axonal
stump, whereas the NLS-BSA is already in the nucleus. been suggested to act as survival or regeneration en-
hancing retrograde signals (Ginty and Segal, 2002; Ken-It is possible that excess NLS that is not bound to com-
plexes at the injury site undergoes rapid clearance, thus ney and Kocsis, 1998; Sung et al., 2001; Watson et al.,
2001), thus focusing attention on phosphorylation as afreeing importin complexes more distant from the injury
site for uptake of the larger more stable NLS-BSA. Final likely mechanism for activation of retrograde signaling
proteins. Another intriguing possibility is that signalingresolution of this issue will have to await definitive identi-
fication of endogenous NLS-containing proteins that un- proteins carried as cargo on the importins might also
arise from local axonal synthesis. Recent studies havedergo importin-mediated retrograde transport after in-
jury. Nonetheless, the data of Figure 4 and Supplemental indicated that local protein synthesis plays a role in
axonal pathfinding, allowing a physiological responseFigure S2 indicate that effects of the NLS peptide are
not due to a general block of nuclear import. at the site of synthesis (Brittis et al., 2002; Campbell and
Holt, 2001). Our data suggest that maintenance of aThe experiment of Figures 4E and 4F suggests that
the importin-mediated signal plays a critical role in newly latent signaling complex in the form of specific axonal
mRNAs can allow regulated long-range signaling to thelesioned axons, but not after reaxotomy. Smith and
Skene (1997) demonstrated that DRG neurons undergo a cell body by locally translating critical components of
the system.transcription-dependent switch from arborizing to long-
distance neurite outgrowth upon peripheral axotomy by Although significant progress has been made on un-
derstanding the structure and mode of action of thea conditioning lesion of the sciatic nerve. In this para-
Figure 4. Impairment of In Vitro Regenerative DRG Neuronal Outgrowth by NLS Peptide
(A) DRG neurons were triturated with 400 M NLS-biotin peptide, plated, fixed at the indicated times, and then stained with anti-NF-H (red)
and Streptavidin-Alexa-647 (green). Yellow overlay staining indicates internalized peptide. Magnification 60.
(B) Effects of NLS or reverse peptides introduced to a final concentration of 400 M in the trituration medium on neurite outgrowth of NFH-
positive adult mouse DRG neurons in culture. Images taken at 20 magnification.
(C and D) Quantification of the NLS effect on neurons 48 hr in culture revealed a significant reduction in the percentage of sprouting (C) and
a highly significant reduction in neurite outgrowth length (D) in both DRG neuron populations.
(E) NLS application in a second lesion does not affect axonal outgrowth of DRG neurons. A dissociated suspension of rat DRG neurons was
divided into two aliquots, one of which underwent peptide or vehicle trituration before plating, and the other not. 18 hr later, the nontriturated
cells were resuspended and reaxotomized by trituration with NLS or reverse-NLS peptides. Quantification of biotinyated peptide entry by
ELISA with streptavidin-HRP revealed similar levels in both triturations (0.27  0.12 pg/cell in freshly dissected cells versus 0.23  0.10 pg/
cell in the reaxotomized population). Neurons were observed after 2 days in culture subsequent to peptide or control trituration.
(F) Comparison of neurite outgrowth length in NFH-positive cells from both populations. Note the robust effect of the NLS peptide when
applied in the first trituration, as compared to the lack of effect when applied in the second trituration. *p 	 0.05; **p 	 0.01.
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Figure 5. NLS Peptide Retrogradely Inhibits the Effects of an In Vivo Conditioning Lesion in Sciatic Nerve
180–200 g Sprague Dawley rats were subjected to unilateral sciatic nerve crush at midthigh level. Immediately after the crush injury, the crush
site was wrapped with a silastic tube containing 500 g NLS or reverse-NLS peptide for each animal treated. 4 days after injury, dissociated
cultures were prepared from the L4-5 DRGs ipsilateral and contralateral to the nerve crush (crush and naive, respectively). After 18 hr in vitro,
length of the longest axon per neuron in each condition was measured.
(A) Schematic of hindquarters of a rat showing positions of the sciatic nerves and L4-L6 DRGs. Conditioning crush site indicated by the red
arrow, and position of peptide application by the blue rectangle.
(B) Representative images of neurons cultured from control, conditionally lesioned, and conditionally lesioned peptide-treated animals.
(C) Quantification of neurite outgrowth under the different treatment paradigms, average  standard deviation from a total of four animals.
**p 	 0.01.
importins in nucleocytoplasmic transport (Chook and rons by internalization to a signaling endosome in a
complex with NLS-containing interactors (Bronfman etBlobel, 2001), less attention has been focused on physi-
ological and developmental roles of these molecules. al., 2003) or by proteolytic cleavage of its intracellular
domain with subsequent trafficking to the nucleus medi-Our data indicate that importins have important roles in
retrograde transport of axonal signals, specifically in the ated by bound interactors (Jung et al., 2003; Kanning
et al., 2003). Localized translation of importin  at thecontext of nerve injury. However, such roles might not
be restricted to injury situations; indeed, the constitutive site of receptor activation could be a powerful mecha-
nism for specific retrograde transport of such signalingbinding of importin  to dynein suggests that cells inte-
grate their cytoplasmic and nuclear transport systems. complexes. Thus, the occurrence of importin  mRNA
in neuronal processes and the localized regulation ofMammalian importin knockouts have not yet been de-
scribed, but defects in development were observed in importinprotein by de novo synthesis provides a highly
versatile mechanism that may regulate different types ofimportin mutants in both C. elegans and Drosophila
(Geles and Adam, 2001; Kumar et al., 2001; Mathe et long-range signaling in both normal and injured neurons.
al., 2000). Strikingly, a fly importin  mutant reveals de-
Experimental Proceduresfects in guidance and cell adhesion of specific photore-
ceptor neurons, indicating that axon guidance in the eye
Animals and Experimental Systems
is particularly dependent on importin  (Kumar et al., Adult male Wistar rats were sacrificed by cervical dislocation. The
2001). It is tempting to speculate that this observation sciatic nerves were dissected, cut to several pieces, and incubated
might be explained by perturbation of importin -depen- at 37C and 5% CO2 in DMEM. Axoplasm was obtained by gentle
squeezing of the nerve segments in phosphate-buffered saline (PBS)dent retrograde signaling in fly photoreceptor neurons.
or in nuclear transport buffer (NIB) containing protease inhibitorsMoreover, the occurrence of importins in both axons
(Roche). Axoplasm from control nerves was obtained immediatelyand dendrites suggests they may be involved in diverse
after dissection.
signaling cascades. For example, the p75 neurotrophin
receptor signals via a range of interactors known to Antibodies, Western Blots, and Immunofluorescence
contain nuclear localization signals (Roux and Barker, Antibodies for importin 1, 3, 5, and 7 were as described (Kohler
et al., 1997, 1999). Anti-importin-4 raised against the C-terminal2002; Tcherpakov et al., 2002). P75 may signal in neu-
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18 amino acids of hSRP1 (Nachury et al., 1998) was a kind gift Primary Neuron Cultures
Embryonic hippocampal neurons were cultured as described (Goslinfrom Dr. K. Weis (UC Berkeley), and mouse anti-MAG was from Dr.
E. Peles (WIS). Mouse anti-importin-1 clone 3E9 was from Affinity et al., 1998). For adult DRG cultures, C57/BL6 mouse DRG were
dissociated with 100 U of papain followed by 1 mg/ml collagenase-IIBioreagents (Golden, CO); mouse anti-dynein intermediate chain
clone 74.1, rabbit anti-NF-H AB1989, and rabbit anti-peripherin and 1.2 mg/ml dispase. The ganglia were then triturated in HBSS, 10
mM Glucose, and 5 mM HEPES (pH 7.35). Neurons were recoveredAB1530 were from Chemicon; rabbit anti-S100 and mouse anti-
NF-H clone N52 were from Sigma; goat anti-RCC1 was from Santa through percoll, plated on laminin, and grown in F12 medium. For
peptide introduction, 400 M NLS or reverse peptides were addedCruz; HRP-conjugated secondary antibodies were from Bio-Rad;
and fluorescent secondaries were from Jackson ImmunoResearch. to the trituration buffer. Cultures were grown for up to 3 days before
fixing and staining. Random fields were photographed from eachNLS-BSA-FITC was a kind gift from Dr. Michael Elbaum (WIS). For
Westerns, axoplasm samples were resolved on 10% SDS-PAGE treatment at 20 magnification, and NIH Image 1.61/68k software
was used to measure cell body diameter and neurite length. Sprout-and transferred to nitrocellulose, and after reaction with the desired
antibodies were developed with ECL (Pierce). For immunofluores- ing was defined as neurite length over twice cell body diameter.
Statistical analysis was done using ANOVA.cence, hippocampal or DRG neurons were fixed with 3% paraform-
aldehyde, while control and injured sciatic nerve segments were
fixed in 4% paraformaldehyde and frozen with Tissue-Tek, and cross Conditioning Lesion
(15 m) or longitudinal sections (10 m) preformed in a Leica cryo- 180–200 g Sprague Dawley rats were subjected to unilateral sciatic
stat. Neuron cultures and sciatic nerve cross-sections were nerve crush at midthigh level, followed immediately by wrapping
mounted in moviol (Calbiochem) and observed under an Olympus the crush site with a Surgifoam (Johnson & Johnson)-lined silastic
FV500 Confocal laser-scanning microscope. For Rhodamine RED-X tube that had been absorbed with 10 l peptide solution (50 g/l)
and Cy5 visualization, we used 543 nm and 633 nm wavelengths in or saline control. Four days after injury, dissociated cultures were
a sequential manner. prepared from the L4-5 DRG’s ipsilateral and contralateral to the
nerve crush as described previously (Smith and Skene, 1997). The
dissociated DRGs were plated in DMEM/F12 medium supplementedIn Situ Hybridization
with N1 and 10% horse serum on laminin-coated glass coverslipsSciatic nerves segments were fixed 6 hr after lesion in 4% paraform-
at a density of 2–5 neurons/mm2. Cytosine arabinoside (10 M;aldehyde and embedded in paraffin. A 33P-labeled cRNA probe com-
Sigma) was included to inhibit proliferation of nonneuronal cells.plementary to -importin mRNA was hybridized to 7 m transverse
After 18 hr cultures were fixed in 4% paraformaldehyde, and lengthsections and, after high-stringency washing (55C, 1 SSC, 60%
of the longest axon per neuron was measured using Image J (NIH)formamide), dipped in photographic emulsion. After 4 weeks of auto-
on digital images captured under Hoffman modulation optics.radiographic exposure, the sections were developed and photo-
graphed using phase contrast optics. Sense probes were used as
Acknowledgmentsa control for the specificity of the ISH procedure, and they did not
show any hybridization signal.
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Ziv Reich, Michael Elbaum, Irith Ginzburg, and Elior Peles for gener-Control and lesioned nerve axoplasms (0.5 mg) were incubated
ous gifts of reagents, Vladimir Kiss for highly professional guidanceovernight with 100 g of either biotin-NLS peptide (biotin-CTPPK
on confocal microscopy, and Zehava Levy for excellent technicalKKRKV) or biotin-reverse (biotin-CTPVKRKKKP), followed by 2 hr
assistance. M.F. is the incumbent of the Daniel E. Koshland Sr.incubation with streptavidin dynabeads (Dynal). All incubations were
Career Development Chair at the Weizmann Institute. Supported bydone at 4C. The beads were washed 3 times with NTB and the
grants from the Y. Leon Benoziyo Institute for Molecular Medicine,proteins were then eluted with 0.1% trifluoroacetic acid for Western
the Irwin Green Alzheimer’s Research Fund, and the Minerva Foun-blotting analyses. For immunoprecipitations, axoplasm from control
dation (to M.F.), and by NIH/NINDS NS41596 (to J.L.T.).or lesioned nerve was precleared for 1 hr with 80% Protein
G-Sepharose (Amersham Bioscience). Following overnight incuba-
Received: July 30, 2003tion with primary antibody, complexes were incubated on protein-
Revised: September 15, 2003G beads for 2 hr at room temperature and then precipitated at 4C
Accepted: November 20, 2003and washed 3 times with NTB or with PBS. Proteins were eluted by
Published: December 17, 2003boiling and subjected to Western blot.
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